For regional insertional mutagenesis of Arabidopsis thaliana genes, we combined a cDNA scanning method (Hayashida et al. Gene 1995; 165:155-161) and an Ac/Ds transposon designed for local mutagenesis, and evaluated this approach with two overlapping yeast artificial chromosome (YAC) clones, CIC7E11 and CIC8B11, on A. thaliana chromosome 5. We applied a previously developed novel cDNA selection method using DNA latex particles (cDNA scanning method) to the two YAC clones and constructed two sub-libraries in which cDNAs for genes on each YAC DNA were concentrated. From each sub-library we isolated cDNAs for genes on each YAC DNA, partially sequenced them, and produced expressed sequence tags (ESTs). In total, 113 non-redundant groups of cDNAs were obtained. Forty-four per cent of these EST clones were novel, and 34% had significant homology to functional proteins from various organisms. In parallel, we transposed Ds from a donor Ds-GUS-T-DNA line, Ds4391-20, already mapped to the CIC7E11/8B11 region. We obtained Ds-transposed lines and recovered their Ds-flanking genomic DNAs by thermal asymmetric interlaced (TAIL) polymerase chain reaction (PCR). Dot-blot analysis indicated that 20% of the lines contained transposed Ds in the CIC7E11/8B11 region, suggesting that this Ac/Ds transposon system is effective for regional insertional mutagenesis. To isolate Ds insertion mutants in the genes identified from the CIC7E11/ 8B11 region, we carried out PCR screening from 800 Ds-containing lines using Ds-specific and gene-specific 
Introduction
Recently, genome analysis of various organisms has progressed extensively, and many tools such as polymorphism markers, recombinant inbred (RI) lines and genomic libraries required for genetic mapping are now widely used. Arabidopsis thaliana is one of the furthest analysed organisms because its genome is compact, the frequency of repetitive DNA is low (Meyerowitz, 1994) , and polymorphism markers and RI lines are available for genetic mapping (Hauge et al., 1993; Lister and Dean, 1993; Liu et al., 1996) . Yeast artificial chromosome (YAC), bacterial artificial chromosome (BAC), and P1 phage libraries are also useful tools in Arabidopsis genome analysis (Choi et al., 1995; Creusot et al., 1995a; . Construction of contigs covering the Arabidopsis genome with these clones is progressing (Kotani et al., 1997b; Schmidt et al., 1995 Schmidt et al., , 1997 Zachgo et al., 1996) , and sequencing of the whole Arabidopsis genome is now under way (Bevan et al., 1997) . After determination of the whole genome sequence, it will become more important to identify transcription units and analyse their physiological and developmental functions.
We have previously reported a cDNA scanning method for concentrating particular cDNAs on a specific genome region with latex particles (Hayashida et al., 1995) , and have also shown that ABSCISIC ACID-INSENSITIVE 1 and RESISTANT TO PSEUDOMONAS SYRINGAE 2 genes were recovered faithfully when a genomic DNA insert of a cosmid clone including these genes was used in the cDNA scanning method (Seki et al., 1997) .
For insertional mutagenesis of plant genes, a genetagging approach is now widely used. Maize transposon Ac/Ds is one of these mutagens. It can transpose in hetero- Creusot et al. (1995b) . b Based on an estimate of one gene per 5 kb region on average. c (number of groups/number of estimated existing genes) ϫ 100% logous genomes such as Arabidopsis, tobacco and rice (Baker et al., 1986; Izawa et al., 1991; Van Sluys et al., 1987) . It is known that Ac/Ds moves preferentially to linked sites (Bancroft and Dean, 1993; Keller et al., 1993) . Many mutagenesis systems using the Ac/Ds transposon in Arabidopsis have been developed (Altmann et al., 1992; Fedoroff and Smith, 1993; Grevelding et al., 1992; Lawson et al., 1994; Sundaresan et al., 1995) . We combined the cDNA scanning method mentioned above and an Ac/Ds transposon designed for local insertional mutagenesis (Fedoroff and Smith, 1993) . As a model system, we applied the cDNA scanning method to two YAC DNAs -CIC7E11 and CIC8B11 -on chromosome 5, and isolated 113 EST clones, including 50 novel clones, from these regions. In parallel, we transposed Ds from a Ds-GUS-T-DNA donor line, Ds4391-20, which is already mapped to the CIC7E11/8B11 region (Smith et al., 1996) , and estimated that 20% transpositions occurred in the CIC7E11/8B11 region. For the isolation of Ds insertion mutants in this region, we carried out PCR screening using Ds-specific and gene-specific primers of 113 EST clones identified by the cDNA scanning method. We identified 49 Ds insertion mutants from 800 Ds-containing lines, and five mutant lines that contain Ds-inserted genes mapped to the sequenced CIC7E11/8B11 genomic DNA region.
Results and discussion
Strategy for producing EST clones in a specific genome region Figure 1 shows the strategy for producing EST clones in a specific genome region. We previously reported that the cDNA scanning method is useful for rapid concentration of particular cDNAs on a specific genome region (Hayashida et al., 1995; Seki et al., 1997) . A genomic DNA fragment covalently bound to latex particles is hybridized to PCR products of DNA inserts derived from an Arabidopsis cDNA library. Washing non-hybridized fragments away leaves only fragments on the genomic DNA ( Figure 1c ). For construction of a transcription map of EST clones, we selected two YAC clones, CIC7E11 and CIC8B11, on chromosome 5. They overlap partially (Figure 2 ). We constructed a cDNA sub-library for each of the two YAC DNAs and isolated positive clones from each sub-library by plaque hybridization with each YAC DNA as a probe. Among 150 clones of the sub-library, 20-30 gave a positive signal. The clone insert length was about 300-2000 bp. We partially sequenced these clones from the ends with T7 (5Ј-end) or oligo-dT (3Ј-end) primers and produced ESTs (Figure 1a,b) .
Characterization of the EST clones
Redundancy of these EST clones was examined by computer analysis. The clones with overlapping nucleotide sequences were regarded as one group. In total, we identified 38 groups by sequencing 177 clones derived from the CIC7E11 sub-library and 75 groups by sequencing 270 clones derived from the CIC8B11 sub-library (Table 1) . We confirmed that screened cDNAs from both sub-libraries were saturated, using the cDNA scanning method (data not shown). Based on a rough estimate of one gene per 5 kb region of Arabidopsis on average, we think that these groups cover 53% and 36% of the existing genes on the CIC7E11 and CIC8B11 DNAs, respectively, if these groups are independent of each other (Table 1) . A homology search of representative clones of these groups was done with the FASTA and BLAST programs (Table 2) . Based on this analysis, 44% were novel clones and 34% had significant homology to functional proteins from various organisms.
We think that the clones we have isolated in this study could be used as molecular markers for fine mapping of genetic loci and that some will become positional candidate genes for genetic loci on CIC7E11 and CIC8B11. For example, the deduced amino acid sequence of 8B11-09 shows homology to disease-resistance protein kinase (Fen) ( Table 2 ), suggesting that this EST clone is a candidate gene for a disease-resistance locus on CIC8B11. Another example is the embryo-defective (emb) locus. We identified a number of so-called 'house-keeping genes' on the two YAC DNAs (Table 2 ). Many emb loci are near these regions (Franzmann et al., 1995) . Recently, Tsugeki et al. (1996) showed that disruption of an Arabidopsis gene encoding a ribosomal protein S16 homologue, one of the housekeeping genes, caused an emb phenotype, suggesting that some of the EST clones identified in this study may be EMB genes. In this study we used a PRL2 cDNA library derived from almost all organs (Newman et al., 1994) . Because this library is not expected to contain genes inducible by stress and other treatments, it will be necessary for saturating cDNAs in the CIC7E11/8B11 region to use a variety of cDNA libraries. We think that we could not saturate EST clones in the CIC7E11/8B11 region (Table 1) because the PRL2 cDNA library is not saturated.
Comparison of nucleotide sequences of the identified clones and genomic sequences
We cannot yet prove that all the clones identified in this study are really on each YAC DNA because we cannot exclude the possibility that a redundant gene at another chromosomal position may hybridize to these YAC DNAlatex particles. Recently, whole nucleotide sequences of seven P1 genomic clones within the CIC7E11/8B11 region were determined (Kotani et al., 1997a; Nakamura et al., 1997; Sato et al., 1997) . To test the reliability of the cDNA scanning method, we compared the nucleotide sequence of the identified clones and the P1 genomic sequences. In total, 63 clones were actually on seven P1 clones within the CIC7E11/8B11 region (Figure 2 ), which suggests that the cDNA scanning method is a reliable technique for cloning region-specific cDNAs. We think that the cDNA scanning method can be applied to genomes that have not been sequenced, such as maize and rice.
Estimation of the proportion transposed in the CIC7E11/ 8B11 region For insertional mutagenesis of the genes identified above, we adopted the Ac/Ds transposon developed by Fedoroff and Smith (1993) , which was designed for local insertional mutagenesis. We used a donor Ds-GUS-T-DNA line, Ds4391-20, already mapped to the CIC7E11/8B11 region (Smith et al., 1996; Figure 2) .
We isolated 800 Ds-transposed lines that contained both 
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[P52859] -33 C99770 T7 X99923: mRNA for male napus from 70 out of the 87 triple-resistant plants, and carried out one-pass sequencing to estimate the ratio of escapee and genuine transposed lines. We found that 9% of the triple-resistant lines were escapees, 6% were transposed very closely into the T-DNA construct and 86% were transposed into the Arabidopsis genome (Table 3) . Next we estimated the proportion of transposed lines in the CIC7E11/8B11 region to total lines by dot-blot analysis using a TAIL-PCR product-blotted filter and YAC DNA probes. Twenty per cent of the lines were transposed into the CIC7E11/8B11 region (Ͼ 1 Mb) ( Table 3 ). This value is consistent with the result reported by Smith et al. (1996) that 21% of lines among all transposed lines examined moved within 5 cM from the donor Ds-GUS-T-DNA site. However, the Ac/Ds system we used showed a much broader distribution of transposition than that developed by Machida et al. (1997) . Their results showed that about 40% of all transpositions had occurred within 600 kb in both directions. We do not know why distribution patterns of Ds transposition differ in these two Ac/Ds systems in Arabidopsis, but we can suggest three possibilities. The first possibility is that the pattern may differ from locus to locus on the chromosome. Second, it may depend on the expression level of transposase from an Ac transposase donor line. Third, it may depend on the length or contents of the Ds construct. We cannot exclude the possibility that the reason why only 20% transpositions occurred in the CIC7E11/8B11 region is due mainly to the very small TAIL-PCR products which did not hybridize to the YAC probe. One-pass sequencing of the TAIL-PCR products gave us more information about insertion sites. A partial sequence of a TAIL-PCR product derived from a transposed line, 17-1, showed identity to the β-8 tubulin gene by BLAST search (data not shown). The 8B11-57 gene was the β-8 tubulin gene (Table 2 ). To confirm that the 17-1 line is an insertion mutant of the 8B11-57 gene, PCR was performed with Ds-specific and 8B11-57 gene-specific primers and a genomic DNA template of the 17-1 line. We obtained a PCR fragment of the expected size (Figure 3) , which indicates that the 17-1 line is an insertion mutant of the 8B11-57 gene. We also examined by computer analysis the overlap between partial sequences of the EST clones identified in this study and the TAIL-PCR products, and found that sequences of the 8B11-05 gene, whose function is unknown, and a TAIL-PCR product derived from the 198-1 line overlapped (data not shown). We confirmed by PCR analysis that the 198-1 line was really an insertion mutant of the 8B11-05 gene (Figure 3 ). In this way we obtained two insertion mutants of the EST clones identified in this study.
As previously mentioned, nucleotide sequences of seven P1 genomic clones within the CIC7E11/8B11 region were recently determined (Kotani et al., 1997a; Nakamura et al., 1997; Sato et al., 1997) . Consequently, transpositions can be mapped precisely at nucleotide level by comparing sequences of the TAIL-PCR products and the genomic DNA. Figure 4 shows a mapping result. Four lines, including 17-1 and 198-1, were transposed to already sequenced P1 clones within the CIC7E11/8B11 region. We also found that in two transposed lines, 10-2 and 32-1, transposons were inserted downstream of the genes homologous to rice water-stress-inducible gene 76 and X-Pro dipeptidyl-peptidase gene, respectively.
PCR screening of Ds insertion mutants in the genes identified by the cDNA scanning method
We produced 800 transposed lines from the donor line Ds4391-20. We estimated that 20% of the lines contained Ds in the CIC7E11/8B11 region (Table 3) , which indicates that about 150 lines contained transposed Ds in this region. Using these 800 lines, we carried out large-scale PCR screening with Ds-specific and gene-specific primers. For the isolation of Ds insertion mutants within or near genes, it is effective to use gene-specific primers derived from cDNA sequences rather than genomic sequences. We constructed gene-specific primers based on the 113 EST sequences identified by the cDNA scanning method (Table 2) . We prepared F (forward) and R (reverse) primers for each EST clone, which are complementary to each other (Figure 5e,j) .
Eight hundred Ds-tagged plant lines were screened as eight pools with the DNA mixture prepared from 100 plant lines in each pool. When a positive pool was identified, the pool of 100 plants was re-screened as 10 pools with a DNA mixture prepared from 10 lines in each pool. Similarly, a positive pool of 10 plants was re-screened as single lines. Two examples of the screening are shown in Figure 5 . In total, we isolated 49 Ds insertion mutants from the 800 lines (data not shown). The PCR fragments were 100-2000 nucleotides in length (data not shown), suggesting that these insertion mutants contain Ds in or near genes corresponding to the EST clones. Among these Ds-tagged lines, we mapped five lines transposed to the sequenced P1 genomic clones in the CIC7E11/8B11 region (Figure 4 ). Ds insertion lines 198-1, 561-1, 275-1, 159-1 and 257-2 were identified using gene-specific primers 8B11-08, 8B11-56, 8B11-03/8B11-48, 8B11-02 and 8B11-70, respectively. Potential protein genes are not predicted near these insertion sites (Kotani et al., 1997a; Nakamura et al., 1997; Sato et al., 1997) . Based on TAIL-PCR analysis and PCR screening, eight Ds-tagged sites of the mutants were mapped in the CIC7E11/8B11 region (Figure 4 ). Although we identified 49 Ds insertion lines by PCR screening, some did not transpose to the CIC7E11/8B11 region. For example, we identified the 215-1 line as a tagged line using the 8B11-16 gene-specific primer. However, we found that Ds of this line was transposed to the sequenced MMN10 P1 genomic clone that is mapped outside the CIC7E11/8B11 region (data not shown). The 8B11-16 EST clone encodes a histone H2B homologue ( Table 2) that constitutes a multi-gene family whose sequences are highly conserved (Hentschel and Birnstiel, 1981) . Therefore, we unexpectedly isolated an insertion mutant into an H2B redundant gene in the MMN10 region. We also identified the 723-1 tagged line using the 8B11-57 gene-specific primer. The 8B11-57 EST clone encodes β-8 tubulin (Table 2 ). This line contained Ds in the β-4 tubulin gene in the sequenced K9L2 P1 genomic clone that is mapped outside the CIC7E11/8B11 region (data not shown). The β-tubulin genes in Arabidopsis also constitute a conserved gene family (Snustad et al., 1992) . From these results, we think it is important to design gene-specific primers from unique sequence regions to isolate tagged mutants.
Conclusions and perspectives
In this study, we used transposon tagging with an Ac/Ds system and the cDNA scanning method for isolating tagged insertion mutants in a specific genome region using Arabidopsis genome. Based on this study, three problems emerged in the saturation of Ds-tagged lines in a specific genomic region. The first problem is that it is difficult to saturate region-specific cDNAs using a single cDNA library (Table 1) . It is important to use a variety of cDNA libraries from different tissues and stimuli. Second, the Ac/Ds system we used showed a broader distribution of transposition than previously reported (Table 3) . We need to obtain more transposon lines for saturated disruption of genes in a specific genomic region. Third, in PCR screening, all the positive lines did not contain Ds in the CIC7E11/8B11 region. We think that gene-specific primers designed from redundant genome regions are the cause of the false positive signal.
This strategy for the isolation of tagged mutants in a specific genomic region is also applicable to genomes that have not been sequenced, such as maize and rice. In the case of large genomes with low gene density, cDNA sequence information will be more effective for identifying transcription units and isolating gene disruptants.
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Experimental procedures
Construction of region-specific cDNA sub-library All the cDNA clones described here were derived from a PRL2 cDNA library prepared from etiolated seedlings, roots, leaves and flowering inflorescences of Arabidopsis thaliana (Columbia ecotype) (Newman et al., 1994) .
A region-specific cDNA sub-library was constructed as described below and as summarized in Figure 1 . cDNA inserts of the PRL2 library were amplified by PCR with a first primer set, 5Ј-GTTTT-CCCAGTCACGAC-3Ј (M4 primer) and 5Ј-CAGGAAACAGCTATGAC-3Ј (RV primer). PCR conditions were as described by Seki et al. (1997) . The PCR product was subjected to cDNA scanning as described by Hayashida et al. (1995) and Seki et al. (1997) . After elution of hybridized clones from YAC DNA-latex particles, PCR was carried out using the eluted single-stranded DNA as a template with a second primer set, 5Ј-GTGAATTGAATTTAGGTGACA-3Ј (SP6 primer) and 5Ј-AGGGAAAGCTGGTACGCCTG-3Ј (T7 primer). The region-specific cDNA sub-library was constructed by sub-cloning of the amplified fragments into the EcoRI site of λgt10. To isolate positive clones from the sub-library, plaque hybridization was performed with each YAC DNA as a probe using the Gene Images random prime labelling and detection system (Amersham, Tokyo, Japan) according to the manufacturer's instructions. These positive clones were selected and partially sequenced as described below.
Sequencing analysis of selected cDNA clones A cDNA insert of the selected λ phage clone was amplified by PCR with a third primer set, 5Ј-GCTGGGTAGTCCCCACCTTT-3Ј (FW primer) and 5Ј-CAGTTTTTCTTGTGAAGATTGGGGG-3Ј (ϩ80 primer) as described by Seki et al. (1997) . The amplified fragments were subjected to single-pass sequencing with T7 or oligo-dT (5Ј-T l7 G/A/C-3Ј) primer using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Chiba, Japan). A model 373A DNA Sequencer (Applied Biosystems, Tokyo, Japan) was used for sequencing. Sequences were edited manually to remove vector sequences at the ends. Overlapping of the nucleotide sequences of the clones was examined by Genetyx-Mac/ATSQ software (Software Development, Tokyo, Japan). Homology of the nucleotide sequence was examined with the GenBank (release 102)/EMBL (release 51) database using the FASTA program (Pearson and Lipman, 1988) . Sequences with more than 90% identity in ജ 50 bp overlap were considered to be identical. Homology of the amino acid sequences deduced from the nucleotide sequence was examined with a non-redundant protein database using the BLASTX program (Altschul et al., 1990) . PAM120 scores Ͼ 80 were considered to indicate potentially significant homology.
Construction of the Ds-transposed lines
Ds-transposed lines were obtained by crossing a donor line, Ds4391-20, with an Ac transposase-containing line, Ac380-16, as described by Fedoroff and Smith (1993) and Smith et al. (1996) . F2 seeds were obtained by selfing F1 plants. We sowed about 500 F2 seeds derived from a single F1 plant on an agar-solidified MS medium containing 1% (w/v) sucrose, Hyg (20 µg ml -1 ), Chl (6 µg ml -1 ) and Nam (5 µM). Nam is a reagent for screening plants without the Ac transposase gene. One Hyg/Chl/Nam-resistant F2 plant was transferred to soil and grown under a 12 h light/12 h dark cycle at 23°C.
TAIL-PCR analysis
Genomic DNA was isolated from two or three rosette leaves of the F2 plants (Saghai-Maroof et al., 1984) and used as a template for TAIL-PCR . TAIL-PCR conditions and the sequences of the Ds-specific primers Ds5-1, 5-2, 5-3, 3-1, 3-2 and 3-4 were as described by Tsugeki et al. (1996) ; the sequence of the arbitrary primer used in this study, W4, was as described by Smith et al. (1996) . One-pass sequencing of the unpurified 3rd TAIL-PCR products was carried out with Ds5-3 or Ds3-4 primer using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer) .
Dot-blot analysis
Four microliters of the 3rd TAIL-PCR mixture was blotted on a Hybond Nϩ filter (Amersham). The probe was YAC DNA separated by pulse-field gel electrophoresis and labelled with [α-32 P]dCTP using a BcaBEST Labelling Kit (Takara, Shiga, Japan). Stringent washing conditions were used (Sambrook et al., 1989) .
PCR for confirmation of insertion mutant (Figure 3) The following gene-specific PCR primers were used: 8B11-05F, 5Ј-CAATCATCTTTGTTATCACCGGAG-3Ј; 8B11-57R, 5Ј-CACACGCCT-AAACATCTCCTGG-3Ј. Ds5-3 and Ds3-4 were used as Ds-specific PCR primers. The same genomic DNAs as in the TAIL-PCR analysis were used as PCR templates. Each 20 µl reaction mixture contained 10 ng of genomic DNA, 200 µM dNTPs, 4 pmol of each primer and 0.5 units of Ex Taq polymerase (Takara). The PCR programme was © Blackwell Science Ltd, The Plant Journal, (1999) , 17, 433-444 30 cycles of 95°C for 30 sec, 60°C for 1 min and 72°C for 3 min, followed by 72°C for 5 min.
DNA pool of transposon lines as a template for PCR screening F3 transposon lines for genomic DNA pools were liquid-cultured, and DNA was extracted as described by McKinney et al. (1995) .
DNA from individual transposon lines as a template for PCR screening Genomic DNA from individual transposon lines was prepared as follows. Individual F3 seeds were sown on an agar-solidified MS medium containing 3% (w/v) sucrose and Hyg (10 µg ml -1 ). Three seedlings resistant to Hyg were ground in liquid nitrogen with a pestle in a 1.5 ml tube, and then 400 µl of extraction buffer (0.1 M Tris-Cl pH 7.5, at 25°C, 0.6 M NaCl, 40 mM EDTA, 1% [w/v] SDS) was added. This solution was extracted once with 400 µl of phenol:chloroform (1:1). The aqueous solution was transferred to a new tube and the nucleic acids were precipitated with two volumes of ethanol. The ethanol pellet was washed once with 70% ethanol and resuspended in 100 µl TE (10 mM Tris-Cl pH 8.0, at 25°C, 1 mM EDTA) containing 20 µg ml -1 RNAaseA. The solution was incubated at 37°C for 30 min and 2 µl of the solution (about 50 ng DNA) was used as a template for PCR screening.
PCR screening (Figure 5)
Gene-specific primers for 113 EST clones isolated by the cDNA scanning method were synthesized (T m ϭ 58-62°C). Ds5-3 and Ds3-4 were used as Ds-specific primers. Each 20 µl reaction mixture contained 2 µl of DNA solution, 200 µM dNTPs, 4 pmol of each primer and 0.5 units of Ex Taq polymerase (Takara). The PCR programme was 45 cycles of 95°C for 30 sec, 55°C for 1 min and 72°C for 3 min, followed by 72°C for 5 min. The amplified fragments were subjected to single-pass sequencing with the Ds5-3 or Ds3-4 primers.
